Abstract-The controller, which provides the control system dynamics similar to PID controller, but guarantees higher resistance of the control system to electromagnetic disturbances, has been proposed. The controller is similar to Proportional Integral (PI) controller. Distinctive feature of the controller is that the impact of the proportional term on the controller output signal is proportional to the control error raised to a power. The controller investigation results and their comparison with the results obtained using popular PID and PI controllers are presented.
I. INTRODUCTION
The peculiarity of the controllers that are used for the control of industrial processes is that the controller often has to operate under the impact of electromagnetic disturbances (EMD). The noise signal produced by EMD is usually induced into the bus, which connects the feedback sensor with the controller. The PID (Proportional-IntegralDerivative) controller is commonly employed for the control of industrial processes [1] - [5] . Control systems, based on the PID controller, are featured by good dynamics. It provides a short settling time of system response. However, PID controller is EMD sensitive. Main reason for EMD sensitivity is that controller has the Derivative (D) part [1] , [6] , [7] , which acts as the high pass filter. Because of this, the noise signal produced by EMD, which appears at the controller input, affects the derivative part output and disturbs the operation of the control system. Therefore, the derivative term is often excluded in real applications, i.e., practically, PI controller is applied in place of PID to avoid the control system operation instability [1] , [8] - [10] . The PI (Proportional Integral) controller has higher EMD resistance in comparison to the PID controller. However, the system response dynamics is worse when PI controller is applied. Therefore, the settling time of the controlled parameter using PI controller is longer than in the situation when the PID controller is employed.
Modification of the PI controller, which provides the control system dynamics similar to the PID controller, but guarantees higher resistance of the control system to Manuscript received 11 January, 2018; accepted 25 May, 2019. electromagnetic disturbances, has been presented and analyzed in this work.
II. CONTROL ALGORITHM
The control algorithm of the proposed controller is given in (1)
where KP and KI are proportional and integral constants, U(t) is controller output, t is time, t0 is initial time moment, m is some real-valued number, and e(t) is control error that acts as the input signal of controller. The control algorithm (1) is nonlinear and the controller, which is based on it, can be named as a nonlinear PI (nPI) controller. The algorithm (1) presents the ordinary PI controller, when m=1.
The impact of the proportional term on the controller output in the nPI controller is proportional to [e(t)] m . If m>1, this impact is weaker at low e(t) and is stronger when e(t) is high. It means that the nPI controller with m>1 tends to the Integral controller if e(t) is low and to the Proportional one if e(t) is high. The integral (I) part acts as the low-pass filter, therefore, the Integral controller has high EMI immunity. Thus, the nPI controller becomes more EMI immune at low e(t) values, i.e., if the system works close to the steady state situation. The impact of the proportional term increases at high e(t) values. This fact speeds up the response of system to set point and plant load changes.
III. INVESTIGATION PROCEDURE
The structure of the analyzed feedback control system is presented in Fig.1 . The Yd is desired (set point) value and Ya(t) is actual value of the parameter, which is controlled by the system. The system is influenced by the noise signal N(t) produced by EMD. influenced by the load disturbance D(t) as well. The Matlab/Simulink was used for the analysis. The investigation was performed for the plants with the following transfer functions that correspond to the dynamics of industrial processes [11] , [12] :
The transfer function (2) presents the dead time plant and function (3) -the plant with the dynamics described by the third-order transfer function. The saturation block with the +2 upper and -2 lower saturation values was included into the plant models as well.
The dynamic performance of systems with the nPI controller has been investigated for the cases: system is not influenced by EMD, i.e., the noise signal N(t)=0; system is influenced by Band-Limited White noise signal. The investigation results have been compared with these obtained using PID and PI controllers. The robustness of the systems, based on the nPI controller, was investigated under uncertainty of the plant parameters as well.
The controllers were tuned using the Nonlinear Control Design (NCD) Blockset of software Simulink for the minimal settling time of set point step response with overshoot not higher than 5 %. The parameters of controllers for control systems of plant G1(s) and plant G2(s) are given in Table I .
IV. INVESTIGATION RESULTS
The set point and load disturbance unit step responses and dynamic parameters of systems with plant G1(s), and plant G2(s) using the nPI, PI, and PID controllers are presented in Fig. 2 and Table II. The ts in Table II is the settling time of the set point step response, td is the settling time of the load disturbance step response, and Md is the overshoot caused by the load disturbance. The values of ts and td are estimated for the 5 % tolerance band of the controlled parameter Ya(t).
The obtained results, which are given in Fig.2 and Table II, show that nPI controller provides shorter ts and td compared to the case when PI controller has been applied. The employment of the nPI controller in the case of plant G1(s), which has the response delay, allows us to achieve shorter ts as compared with PID controller. The nPI controller provides a shorter td of analyzed systems compared to that of the PID and PI controllers. However, the Md of systems with the nPI controller for both analyzed plants is higher in comparison with the situation when the PID controller has been applied. The impact of noise signal N(t) on the operation of systems with plant G1(s) and plant G2(s) using nPI and PID controllers has been investigated. The Band-Limited White noise with the sample time of 0.01 s and seed [23341] was used Fig. 3(a) . The first order low-pass filter was employed for the filtering of noise signal to make the signal similar to actual noise signals. The transfer function of the filter is Gf(s)=1.2/(0.004s+1). The filtered signal is given in Fig.  3(b) .
The set point step responses of systems influenced by noise signal were investigated. Firstly, the control system was analyzed at the low amplitude of the noise signal, at which the impact of the noise on the controlled parameter of system with PID controller becomes evident. The obtained transients (see Fig. 4) show that the noise signal with the amplitude AN=0.02-0.03 (noise signal power (1-2)x10 -6 ) causes the ripples with the amplitude up to 0.05. However, the noise signal with the same amplitude does not influence the response of the systems in the situation when they are based on the nPI controller. The control systems were investigated at high amplitudes of the noise signal AN=0.4-0.7 (noise signal power (2-7)x10 -4 ), at which the controlled parameter ripples of systems with nPI controller reach value 0.05. The set point step responses of systems influenced by high amplitude noise are given in Fig. 5 . They show that operation of systems using PID controller changes qualitatively -the response of systems becomes slow with large ripples.
The first order low-pass filter can be used with derivative term of the PID controller for reduction of noise impact [6] - [10] . The transfer function of the filter has to be as follows: [13] . The responses of systems with PID controller using low-pass filter for the derivative term at the high amplitude of the noise signal are presented in Fig. 5 . They show that the filter reduces ripples of the controlled parameter and speeds up the response compared to the situation when PID controller without the filter has been employed. However, the responses of systems are slower and ripples are higher in comparison to systems with nPI controller. It is necessary to stress that the application of the low-pass filter reduces the performance and the robustness of systems with PID controllers [5] , [9] , [12] , [13] . It is very relevant to know the response of systems to the uncertainty of plant dynamic parameters [14] , [15] . The set point and load disturbance unit step responses of systems with plant G1(s) (a) and plant G2(s) (b) using nPI controller for the situations when the plant dynamic parameters (plant response delay and time constant) decrease simultaneously by 50 % and increase simultaneously by 10 %, 30 %, and 50 % was analyzed. The results are presented in Fig. 6 . They show that systems with both analyzed plants remain stable, just the transition durations and oscillation amplitudes increase.
The upper bounds of plant parameters values, above which the control systems become unstable, were estimated. The system with the plant G1(s) starts operate not stably if the plant response delay and time constant increase simultaneously more than by 120 % and the system with the plant G2(s) becomes not stable if the plant time constant rises more than by 190 %. 
V. CONCLUSIONS
The proposed nPI controller provides the dynamics of the control systems similar to that of the PID controller. However, it guarantees a much higher EMD resistance of systems as the PID controller provides.
The control systems based on the nPI controller operate with analyzed plants without substantial changes of the dynamic performance when the amplitude of the noise signal is AN<0. 4-0.7 . The work of systems with the PID controller at the same noise signal amplitudes changes qualitativelythe systems response becomes slow with large ripples.
The low-pass filter, which is used with the derivative term of PID controller, reduces ripples of the controlled parameter and speeds up the response of systems influenced by noise signal. However, the response is slower and ripples are higher as compared to systems with nPI controller.
The system with the nPI controller and plant G1(s) remains stable if the plant response delay and time constant increase simultaneously not more than by 120 % and the system with the plant G2(s) is stable if the plant time constant rises not more than by 190 %.
